The present study analyzes the effect of highly active antiretroviral therapy (HAART) on restoration of cellular immunity in human immunodeficiency virus (HIV)-infected children over a 24-week period following initiation of HAART with ritonavir, nevirapine, and stavudine. The immunological parameters evaluated at four time points (at enrollment and at 4, 12, and 24 weeks of therapy) included cytokine production by monocytes as well as T-cell proliferation in response to mitogen, alloantigen, and recall antigens including HIV type 1 envelope peptides. Circulating levels of interleukin-16 (IL-16) were measured, in addition to CD4 ؉ T-cell counts, plasma HIV RNA levels, and the delayed-type hypersensitivity (DTH) response. At enrollment the children exhibited defects in several immune parameters measured. Therapy increased CD4
It is well established that treatment of human immunodeficiency virus (HIV)-infected individuals with highly active antiretroviral therapy (HAART) decreases the viral load (20) .
While an increase in total CD4
ϩ T lymphocytes is readily detectable, the ability to regenerate immunocompetent T-cell populations remains unresolved (15, 34) . Some clinical trials have demonstrated that the regenerated T cells consist predominantly of the memory (CD45RO ϩ ) type (14) , while others have shown repopulation of naïve (thymus-dependent, CD45RA ϩ ) T cells as well (2, 13) . When there is substantial thymic function, as can be the case in children, thymus-dependent T-cell regeneration can repopulate the host with normal numbers of naïve CD4 ϩ T cells (19) . Therefore, HIV-infected children may provide a unique population with which to study the potential for the immune reconstitution that may occur in the setting of nearly complete viral suppression with HAART. Recently, Cohen Stuart and coworkers (10) have reported high rates of recovery of naïve, memory, and total CD4 ϩ T cells in children younger than 3 years of age. However, little is known about the regeneration potential of the immune systems of older children (25) .
Previous studies have demonstrated that the loss of T-helper (Th)-cell function (proliferation and cytokine production in response to recall or HIV antigen) in HIV-infected patients precedes the loss of peripheral CD4 ϩ T cells (9, 23, 35) . These results suggest that characterization of immunological parameters other than the measurement of CD4 ϩ T-cell counts and viral loads should be evaluated in HIV-infected patients receiving HAART (29) . Relatively few reports on the use of HAART have described the analysis of parameters of immune function, and even fewer of these have described the analysis of the same parameters in pediatric AIDS patients (6) . In several studies, some restoration of T-cell proliferation in response to recall antigens has been observed in adult patients treated with HAART (2, 28, 33) . Most of the studies that examined HIV type 1 (HIV-1) antigen-specific T-cell proliferation found no improvement in the responses (2, 28) . However, one study showed that HAART administered to patients with acute HIV-1 infection but not to patients with chronic infection leads to a strong HIV-1-specific Th-cell response (30) .
Therefore, we asked to what extent effective suppression of HIV replication would lead to regeneration of T-cell populations with immune reconstitution, normalization of cytokine profiles, and T-cell function in children infected with HIV-1. This longitudinal study examined T-cell and antigen-presenting cell (APC) function in 11 pediatric HIV-infected patients receiving HAART for 24 weeks. Cytokine production by monocytes and T-cell proliferation in response to mitogen, alloantigen, and recall antigen (including HIV antigens) were evaluated. Plasma interleukin-16 (IL-16) levels were also measured, in addition to CD4 ϩ T-cell counts, viral load, and delayed-type hypersensitivity (DTH) response, since the levels of IL-16 in the serum of HIV-1-infected adults are reported to increase with HAART (3). We observed significant decreases in viral loads and increases in total CD4
ϩ T-cell counts as a result of HAART, in addition to a significant increase in the level of in vitro production of IL-12 p70 by these children. This is the first report to demonstrate improvement in APC function during 24 weeks of HAART in HIV-infected children.
statistical significance of these comparisons. The correlation between various parameters was assessed by the Spearman rank correlation method. Correlation coefficients are interpreted as follows: ͉r͉ Ͼ 0.7, strong correlation; 0.5 Ͻ ͉r͉ Ͻ 0.7, moderate correlation; 0.3 Ͻ ͉r͉ Ͻ 0.5, weak to moderate correlation; and ͉r͉ Ͻ 0.3, weak correlation. The P value for a correlation coefficient indicates the result of a test of whether the correlation is equal to 0. Comparisons of DTH evaluations at the baseline versus those at 24 weeks were performed by McNemar's test for paired categorical data. All P values are two tailed.
RESULTS
Baseline clinical parameters. Eleven children, all over 7 years of age, were enrolled in the present study. Baseline clinical data for these children are shown in Table 1 . In general, most of the patients were not highly immunosuppressed. Six of 11 patients were classified into Centers for Disease Control and Prevention (CDC) clinical category A (mildly symptomatic), and only 2 patients had CD4 T-cell counts below 200/l. Median CD4 T-cell counts were 598/l (range, 63 to 835/l). The viral load was also relatively low in most patients, with 6 of 11 patients having a viral load of less than 4 log 10 copies/ml (median, 3.94 log 10 copies/ml; range, 2.50 to 5.40 log 10 copies/ml).
T-cell proliferation at baseline. There was no statistically significant difference between the levels of PHA-stimulated proliferation of PBMCs from patients and those from HIV-1-seronegative control adults (P ϭ 1.0 after adjustment for multiple comparisons) (Fig. 1A) . It should be noted that in a recent study by our laboratory (6), comparable results were obtained for proliferative responses to mitogen and recall antigens between HIV-seronegative adults and HIV-seronegative children whose age span was similar to that of the children in the present study. Responses to alloantigen (median SI, 6.5; range, 1 to 15) and C. albicans (median SI, 3; range, 1 to 45) were somewhat reduced in HIV-infected children compared to those in controls (for HIV-infected children, median SI, 18; range, 7 to 41; for controls, median SI, 9; range, 3 to 65), but the reduction was not statistically significantly different (P ϭ 0.11 and 0.13, respectively, after adjustment). Of nine patients tested for a response to tetanus toxoid, only one responded, with an SI of Ն3, to this recall antigen (median SI, 1; range, 1 to 10), while all of the control individuals had positive proliferative responses to tetanus toxoid (median SI, 7; range, 3 to 47) (P ϭ 0.0015, after adjustment) (Fig. 1A) . No response was 1A) . At the baseline, moderately strong positive correlations between T-cell proliferative responses to alloantigen and the CD4 ϩ T-cell counts (r ϭ 0.58; P ϭ 0.23) and between T-cell proliferative responses to C. albicans and the CD4 ϩ T-cell counts (r ϭ 0.51; P ϭ 0.11) were observed in these patients.
Cytokine production at baseline. The levels of spontaneous or S. aureus Cowan-stimulated production of IL-10 and TNF-␣ by PBMCs collected at the baseline from HIV-infected children were similar to the levels of production of these cytokines in control individuals (Fig. 1B) . We were unable to detect spontaneous production of IL-12 p70 (the biologically active heterodimer) in the supernatants of PBMCs from either control or HIV-infected individuals cultured in complete medium only. S. aureus Cowan is known to induce IL-12 p70 production, although the quantities detected are relatively small (21) . After stimulation with S. aureus Cowan, the level of production of IL-12 by PBMCs obtained from 11 HIV-infected children (median, 2 pg/ml; range, 2 to 7 pg/ml) was reduced significantly compared to the level of IL-12 production by PBMCs from HIV-seronegative individuals (median, 11.5 pg/ml, range, 2 to 149 pg/ml [P ϭ 0.007, after adjustment]) (Fig. 1B) .
HAART-associated changes in CD4 ؉ T-cell count and viral load. A significant increase in the peripheral CD4 ϩ T-cell count at week 24 (median change, 231 cells/l; range, Ϫ33 to 548 cells/l [P ϭ 0.0029, Wilcoxon signed rank test]) was accompanied by a substantial decrease in the HIV load (median change, Ϫ1.64 log 10 copies/ml; range, Ϫ2.98 to Ϫ0.12 log 10 copies/ml [P ϭ 0.001]) (Fig. 2) . Nine of the 11 children had undetectable viral loads (2.30 log 10 copies/ml) at week 24.
HAART-associated changes in immunological functions. The HIV-infected children showed no significant change in the proliferative responses to PHA during therapy (data not shown). Proliferative responses to alloantigen were increased at week 12 in four of the six patients (median SI, 12.5; range, 5 to 28 at 12 weeks) compared to those at the baseline (median SI, 6.5; range, 1 to 15) (Fig. 3 ), but the change was not statistically significant (P ϭ 0.84, after adjustment) due to the limited number of subjects to whom these data applied and the variation in the changes (median change, 8.5 pg/ml; range, Ϫ7 to 19 pg/ml). Data are not available for week 24 because of a lack of sufficient numbers of samples. T-cell responses to C. albicans, tetanus toxoid, or HIV-1 antigen also did not change over the 24 weeks of therapy (Fig. 3) . 
FIG. 2. HAART-associated changes in CD4
ϩ T-cell counts (A) and plasma HIV RNA levels (B) for 11 HIV-infected children. ‫,ء‬ number of patients with undetectable viral loads (2.30 log 10 copies/ml) at 0, 4, 12, and 24 weeks. Data shown are the medians and ranges.
The levels of spontaneous and S. aureus Cowan-induced production of IL-10 and TNF-␣ (Fig. 4A ) throughout therapy showed no significant changes compared to the baseline levels (for all comparisons, P Ͼ 0.05). However, at week 24 the level of S. aureus Cowan-stimulated IL-12 production increased significantly from that at the baseline (at the baseline, median, 2 pg/ml; range, 2 to 7 pg/ml; at week 24, median, 7 pg/ml; range, 2 to 43 pg/ml) (P ϭ 0.016) (Fig. 4B) , and at 24 weeks the level of S. aureus Cowan-stimulated IL-12 production was similar to that in HIV-seronegative control individuals (median, 11.5 pg/ ml; range, 2 to 149 pg/ml) (P ϭ 0.21, by Wilcoxon rank sum test). In fact, while only 2 of 11 (18%) HIV-infected children produced detectable IL-12 at enrollment (4 and 7 pg/ml), 7 of 11 (64%) produced detectable IL-12 (range, 6 to 43 pg/ml) at week 24 of therapy.
Plasma IL-16 levels. IL-16 is secreted by activated CD8 ϩ T cells and has been shown to inhibit HIV replication in infected cells in vitro (36) . It has also been demonstrated that serum IL-16 levels increase with HAART (3). Thus, the IL-16 levels in the plasma of infected children were measured at all four time points (Fig. 4C) . Although initially decreasing by a median of 25 pg/ml, we found a sustained trend toward increases in the IL-16 levels in plasma after the first 4 weeks of therapy. However, none of the three measured changes were statistically significant (P Ͼ 0.20 for each comparison).
DTH responses. None of the patients received tetanus toxoid immunization within the 1 month prior to or during the study. At the baseline most HIV-infected children failed to have DTH responses to C. albicans (response rate, 36.4%) or tetanus toxoid (response rate, 9.1%). This level of reactivity is much lower than that reported for HIV-seronegative children of similar ages and is in agreement with the reactivity reported for HIV-infected children (6) . The unresponsiveness to tetanus toxoid in the children persisted through the entire treatment period (18.2% response rate at week 24). By contrast, the proportion of patients with a positive response to C. albicans increased to 81.8% at week 24. Five patients who had previously been negative experienced positive responses to C. albicans at week 24, while six retained their initial reactivity (P ϭ 0.0625 by McNemar's test). There was also a trend toward a greater decrease in viral load at 24 weeks in patients with a positive test for C. albicans (median, Ϫ1.65 log 10 copies/ml; range, Ϫ0.21 to Ϫ2.98 log 10 copies/ml [n ϭ 9]) compared to the load in those with a negative response (two values, Ϫ1.38 and Ϫ0.11 log 10 copies/ml, respectively [P ϭ 0.13]).
DISCUSSION
The objective of the present study was to assess whether treatment of HIV-infected children with HAART for a 6-month period would improve their immune function. Prior to treatment with HAART, the 11 children enrolled in the study exhibited polyclonal T-lymphocyte proliferative responses to mitogen comparable to the responses of HIV-seronegative controls. However, the proliferative responses to alloantigen and C. albicans were somewhat reduced, while tetanus toxoid- and HIV-1-specific responses were absent. In addition, at enrollment most children had negative DTH responses to C. albicans and tetanus toxoid.
The effect of 24 weeks of HAART on each of the immune parameters studied was examined. While therapy had a beneficial effect on CD4 T-cell counts and viral loads by significantly increasing the total CD4 ϩ T-cell counts and decreasing the viral loads, in agreement with other reports (15, 20) , T-cell proliferative responses to tetanus toxoid were not induced in vitro. We may not exclude the possibility that the ability to detect changes in proliferative responses were affected by the small number of patients studied. Most of the children enrolled in our study continued to have negative DTH responses to tetanus toxoid antigen, although there was increased DTH reactivity to C. albicans antigen at week 24. The improvement in the DTH response to C. albicans was moderately well associated with a decreased viral load, as demonstrated earlier (33) .
Of note was the lack of induction of proliferative responses to the HIV-1 antigens in our patients, even after 24 weeks of HAART. While repopulation by naïve CD4 ϩ T lymphocytes from the thymus can demonstrably lead to immunoreconstitution (10, 19) , generation of memory and effector Th cells, which are essential in providing help to B cells and cytotoxic T lymphocytes, will not occur unless there is sufficient antigenic exposure (27) . This was demonstrated in studies of the in vitro T-cell proliferative responses of HAART-treated adults, in whom the responses to antigens to which the immune system was constantly exposed were restored more frequently (C. albicans) than the responses to an antigen to which the level of exposure was low (tetanus toxoid) ( 22, 27, 33) . Thus, HIV-1-specific Th cells and cytotoxic T lymphocytes are poorly stimulated when the viral load is effectively suppressed by HAART (11, 16, 18, 27, 28) . However, development of HIV-specific T-cell responses has been reported to occur after a brief interruption of antiviral treatment (24) . Therefore, the lack of response to the pooled HIV-1 peptides in our patients under highly effective HAART may be due in part to the lack of antigenic stimulation by HIV. However, there is a possibility that responses to other HIV antigens like p24 would be induced, as the p24 responses are more prevalent in HIV-infected patients (30) . These results suggest that strategies that use therapeutic immunization against HIV in patients treated with HAART are worth exploring, and our group is testing the use of such approaches in children (31) and adults (26) .
To examine the potential pathogenic role of IL-10 and TNF-␣ in HIV infection, we measured spontaneous and S. aureus Cowan-stimulated levels of production of these cytokines by the cells of study patients before and after up to 24 weeks of therapy. Several groups have previously reported increased levels of production of IL-10 and TNF-␣ in HIV-infected adults and children (4, 6, 32) . However, we did not find any differences between patients and control donors in the present study. Other studies have similarly shown unchanged or even decreased levels of production of IL-10 in HIV-infected persons (12) , which is in agreement with our findings. A possible explanation may be the decreased level of immunosuppression in our HIV-infected children relative to those in patients studied previously.
In order to determine the effect of HAART on APC function and, in particular, the function necessary for the generation of cell-mediated immunity, IL-12 production by monocytes in response to S. aureus Cowan stimulation was evaluated. S. aureus Cowan is known to induce IL-12 p70, the biologically active heterodimer, although the quantities detected are quite low (21). We found that the level of S. aureus Cowan-induced IL-12 p70 production by monocytes was significantly reduced in the HIV-infected children enrolled in our study compared to that in the controls. Of interest is that the level of IL-12 production at week 24 of HAART was significantly increased compared to the baseline IL-12 levels. In vitro infection with HIV inhibits IL-12 production (5, 7), and PBMCs from HIV-infected persons produce less IL-12 than PBMCs from HIV-uninfected persons (21) . The identified weak initial association of the increased level of IL-12 p70 production by monocytes stimulated with S. aureus Cowan and decreased viral load suggests that the IL-12 downregulation seen in HIV-infected patients might possibly be directly related to viral infection. Increased levels of IL-12 p40 production by stimulated monocytes have been reported in HIV-1-infected adults after treatment with HAART (1). The increase in the level of S. aureus Cowan-stimulated IL-12 p70 observed in our HIV-infected children after 24 weeks of HAART might represent an improvement in monocyte/macrophage function. It is also possible that increased levels of IL-12 may block HIV-induced apoptosis of CD4 ϩ T cells (8) and therefore contribute to an increase in CD4 ϩ T-cell numbers. Our data suggest that the HAART-related suppression of HIV replication and the increase in total CD4
ϩ T-cell numbers in children result in an increase in the level of ex vivo IL-12 production and an increased DTH response to C. albicans but otherwise do not restore cell-mediated immunity for up to 24 weeks of therapy. It is possible that treatment for periods longer than 24 weeks or exposure to certain antigens is required for the restoration of other immune responses. Also, the combination of HAART with specific immune-based therapy (17, 24, 27 ) may induce greater HIV-specific T-cell immunity in infected children.
